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Abstract  
Equilibrium molecular dynamics simulations were conducted to study the competitive 
adsorption and diffusion of mixtures containing n-octane and carbon dioxide confined in slit-
shaped silica pores of width 1.9 nm. Atomic density profiles substantiate strong interactions 
between CO2 molecules and the protonated pore walls. Non-monotonic change in n-octane 
self-diffusion coefficients as a function of CO2 loading was observed. CO2 preferential 
adsorption to the pore surface is likely to attenuate the surface adsorption of n-octane, lower 
the activation energy for n-octane diffusivity, and consequently enhance n-octane mobility at 
low CO2 loading. This observation was confirmed by conducting test simulations for pure n-
octane confined in narrower pores. At high CO2 loading, n-octane diffusivity is hindered by 
molecular crowding. Thus, n-octane diffusivity displays a maximum. In contrast, within the 
concentration range considered here, the self-diffusion coefficient predicted for CO2 exhibits 
a monotonic increase with loading, which is attributed to a combination of effects including 
the saturation of the adsorption capacity of the silica surface. Test simulations suggest that 
the results are strongly dependent on the pore morphology, and in particular on the presence 
of edges that can preferentially adsorb CO2 molecules and therefore affect the distribution of 
these molecules equally on the pore surface, which is required to provide the effective 
enhancement of n-octane diffusivity.  
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INTRODUCTION 
The increasing concerns about global warming have prompted researchers to identify 
different strategies for long-term CO2 sequestration. A common approach is coupling CO2 
sequestration with enhanced oil recovery, in which CO2 can be used as an additive for tertiary 
oil recovery in depleted petroleum reservoirs.1 It is desired that, once injected, CO2 displaces 
the hydrocarbons and undergoes mineralization to be permanently trapped within the rock 
formation.2 Understanding the molecular phenomena related to adsorption and transport of 
CO2–hydrocarbon mixtures in the sub-surface is therefore necessary in order to optimize both 
CO2 storage capacity, as well as oil and gas production. Despite the vast literature on binary 
CO2 and CH4 mixtures,
3-5 few studies focused on adsorption and dynamics of CO2 mixtures 
with more economically attractive, higher molecular weight hydrocarbons under 
confinement.6, 7  
We previously conducted extensive molecular dynamics (MD) simulations to study propane 
adsorption, structure and diffusion in slit-shaped silica pores at sub-, near-, and super-critical 
conditions.8 The results were qualitatively consistent with the experimental adsorption 
isotherms reported by Gruszkiewicz et al.,9 and the SANS data reported by Rother et al.10 We 
recently conducted MD simulations for the structure and dynamics of CO2-butane mixtures 
confined within slit-shaped silica pores.11 Preferential adsorption of carbon dioxide near the –
OH groups on the surface was observed, where the adsorbed CO2 molecules tend to interact 
simultaneously with more than one –OH group. Analysis of the simulation results suggests 
that the preferential CO2 adsorption to the pore walls weakens the adsorption of n-butane, 
lowers the activation energy for n-butane diffusivity, and consequently enhances n-butane 
mobility. Building on these foundations and as an effort to complete our understanding about 
the system, in this work, we investigate the effect of increasing CO2 loading and the pore 
morphology on the mobility of all confined fluids. The same solid substrate, β-cristobalite, 
was used to compare the new results to those obtained previously. MD simulations are 
chosen for their ability to provide extensive insights regarding effective fluid-solids 
interactions, structural (i.e. density profile) and dynamic properties (i.e. mobility) of all 
components of interest.  
In the next section, we provide detailed information about the simulation models and 
methodology. Next, results are presented and analyzed. Lastly, our conclusions are 
summarized. 
SIMULATION MODELS AND METHODOLOGY  
Extensive MD simulations for binary mixtures of CO2/n-C8H18 confined within slit-shaped 
silica pores were performed. As a proxy for materials often found in the sub-surface, the solid 
substrate considered here was modelled as β–cristobalite (1 1 1), whose surface non-bridging 
oxygen atoms were fully protonated, as described elsewhere.12 Because quartz (made up by 
SiO4 tetrahedral structure) is an abundant mineral in earth, the cristobalite crystal with fully 
protonated non-bridging oxygen atoms is considered a reasonable proxy for hydrophilic rock 
pore surfaces.13 Approximately, 1 n-octane molecule is 12.8 Å in length and 1 carbon dioxide 
is 5.4 Å. We chose to simulate a slit-shaped pore of width slightly larger than these 
dimensions, 1.9 nm (determined by the distance between the planes determined by the 
oxygen atoms of the hydroxyl groups across the pore volume), so that the results will differ 
substantially compared to those attainable in bulk systems because of surface effects. The 
simulation box was of size 10.48x10.08x5.19 nm3. The effective pore volume was estimated 
in ~200.15 nm3.8, 14 Periodic boundary conditions were applied in all directions. Because of 
periodic boundary conditions, the systems considered are composed by silica slabs that are 
infinitely long along the X and Y directions, and separated along the Z direction by the slit-
shaped pore. The solid substrate bears no net charge, and all the non-bridging O atoms in the 
solid are protonated, yielding a high density of surface –OH groups. To prevent interactions 
among fluid molecules among self-replicating images along the Z direction the solid substrate 
was of 33 Å in thickness, which is more than double the cut-off distance, set at 14 Å.  
The total system energy is obtained as the sum of dispersive (van der Waals), electrostatic, 
bond stretch, bond angle, and dihedral interactions: 
 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑉𝐷𝑊 +  𝐸electrostatic + 𝐸𝑏𝑜𝑛𝑑 𝑠𝑡𝑟𝑒𝑡𝑐ℎ +  𝐸𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑛𝑑  + 𝐸𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙   (1) 
EVDW and Eelectrostatic are expressed by 12-6 Lennard-Jones and Coulombic potentials, 
respectively. Lennard-Jones parameters for non-like components were obtained using 
Lorentz-Berthelot mixing rules from the values of the pure compounds.15-17 The CLAYFF 
force field18 was implemented to simulate silica. CO2 and n-octane were modelled using 
TraPPE-UA.19 The latter force field was chosen for its ability at adequately describing phase 
coexistence curves. Accurate experimental data are needed to assess whether the combination 
of CLAYFF and TraPPE-UA force fields yield realistic predictions of fluid behaviour at 
interfaces. Within this model CO2 is rigid with all atoms on a straight line while octane is a 
flexible molecule described by bond stretching, angle bending, and dihedral constraints. 
Methyl (CH3) and ethyl (CH2) groups of n- octane are treated within the united-atom 
formalism. The hydrocarbon does not bear partial charges. All atoms on the solid silica, 
except for H of the surface –OH groups, remain rigid throughout the whole length of the 
simulations.  
All the algorithms used to calculate the results reported here are described in our previous 
work.20 The diffusivity of the fluids within the pore is considered as a 2-dimensional 
translation along the X and Y directions, because the movement along the Z direction is 
constrained by the confining pore surfaces. To obtain the planar self-diffusion coefficient Ds 
we calculated the mean square displacement (MSD) following established procedures.8 To 
investigate the effect of CO2 loading on the mobility of confined fluids, 7 different systems 
were simulated whose details can be found in Table 1. As the molecular density increases, 
the pressure in the pore is also expected to increase. No attempt was made to compute the 
pressure representative of the various systems. No bulk was present. All simulations were 
conducted at 300K, near the critical temperature for CO2. A schematic representation of a 
simulated system with 448 carbon dioxide and 282 octane molecules is shown in Figure 1. 
 
Figure 1. Schematic representation of a simulated system. The solid silica slabs are 
continuous along both X and Y directions, and separated along Z direction. No bulk region 
exists. Purple spheres are CH2 and CH3 groups in octane, cyan is C in carbon dioxide, red is 
O, white is H, and yellow is Si.  
 
 
 
Table 1. In-plane self-diffusion coefficients calculated for n-octane and CO2 at 300K within 
the silica pore of width 1.9 nm considered in this study. 
Calculated Self-Diffusion Coefficients (10-9 m2/s) 
N-Octane Molecules Carbon Dioxide Molecules Ds-N-Octane Ds-Carbon Dioxide 
282 
– 5.7 ± 0.2 – 
225 10 ± 1 1.4 ± 0.5 
448 11.5 ± 0.5 2.7 ± 0.5 
675 11 ± 1 3.8 ± 0.5 
900 10 ± 0.5 5.2 ± 0.6 
1100 7 ± 0.5 5.8 ± 0.4 
400 – 4.5 ± 0.8 – 
 
To investigate the effect of the pore morphology to the confined species, we conducted an 
additional simulation in which we modified the morphology of the pore by inserting two step 
edges (hence creating a structured pore with a trench on its surface), shown in Figure 2, 
while keeping the total pore volume approximately constant at ~200.15 nm3. The resultant 
pore is referred to as structured in the remainder of the text. The number of surface –OH 
groups and their surface densities are the same in the two pore models (pristine and 
structured). The fluid simulated in the structured pore was composed of 282 n-octane and 900 
CO2 molecules. 
 Figure 2. Snapshot representing the structured pore with two step-edges yielding a wide 
trench (when periodic boundary conditions are considered). The color scheme for the solid 
substrate is the same as that of Figure 1. 
 
All simulations were carried out within orthorhombic simulation boxes containing a constant 
number of molecules at fixed volume and constant T. T of silica and fluid were controlled 
separately by two Nosé-Hoover thermostats21, 22 with relaxation times of 200 fs each. 
Corrections for long-range electrostatic interactions were taken into account by the particle-
mesh Ewald summation.23 The cut-off distance for all interactions was set at 14 Å. The 
simulations were conducted using the Groningen Machine for Chemical Simulations 
(GROMACS) simulation package, version 4.5.5.24, 25 The leapfrog algorithm26 with time 
steps of 1 fs was implemented. Simulations were conducted for 100 ns of simulation time for 
all systems investigated. The simulation time for each system was in the range 40–150 ns, 
depending on loading. Data analysis was carried out over the last 10 ns of each simulation.  
All results were calculated considering the center of mass (COM) of the fluid molecules.  
 
 
 
 
 
 
RESULTS AND DISCUSSION 
1. Effect of increasing CO2 loading on 
a. Molecular density profiles 
The density profiles in the direction perpendicular to the pore surface are shown in Figure 3. 
For every curve, there are two distinct peaks with equal heights (symmetric with respect to 
the pore centre). Panel (a) shows n-octane atomic density profiles in all simulated systems. 
The results indicate that the locations of the peaks are shifted closer to the pore centre as the 
number of CO2 increases. For pure n-octane and n-octane in the system with highest CO2 
loading considered, there are multiple peaks, which suggest the presence of multiple layers of 
fluid within the pore. Panels (b)–(f) show the density profiles of both fluids. CO2 shows 
density peaks closer to the pore walls compared to n-octane, indicating stronger silica 
surface–CO2 attractions. Visualization of the simulation snapshot in panel (g) confirms the 
strong association between CO2 molecules and the –OH groups on the surfaces. This is 
expected, as CO2 molecules can form hydrogen bonds with the –OH groups.27, 28 Note that as 
its concentration rises, CO2 can also be found near the pore centre. The strong association 
between CO2 and the pore surface is consistent with recent results reported by Rother et al. 
for CO2 in porous silica aerogel.
29  
 
 Figure 3. (a) N-octane atomic density profiles in all simulated systems; (b), (c), (d), (e) and 
(f) are the atomic density profiles obtained for systems composed of 282 n-octane and 225, 
448, 675, 900 or 1100 CO2 molecules at 300K, respectively. Z is measured along the 
direction perpendicular to the pore surface, with Z=0 corresponding to the pore centre; (g) 
Simulation snapshot for selected CO2 molecules at the interface. Only a few atomic surface 
silica and hydroxyl groups are shown for clarity.  
 
b. Orientation of adsorbed n-octane 
 
Figure 4. (a) Schematic for the orientation of one adsorbed n-octane molecule. The color 
scheme for the solid substrate and n-octane model is the same as that of Figure 1; (b) 
Probability density distribution for the angle θ for n-octane molecules adsorbed within the 
first layer adsorbed silica pore in the system composed solely of 400 n-octane (blue line), and 
for the mixed one composed of 900 CO2 and 282 n-octane molecules (red line). 
 
In Figure 4 we report the preferential orientation of adsorbed n-octane molecules. The 
molecules considered are those within the first adsorbed layer as identified by the density 
profiles shown in Figure 3. We quantified the probability distribution of the angle θ formed 
between the octane CH3-CH3 vector and the surface normal. When θ is 0 or 180, the 
molecule is perpendicular to the surface; when θ is 90, octane lays parallel to the surface. An 
illustration is provided in Figure 4, panel (a). The results obtained for the system comprised 
solely of 400 pure n-octane (blue line), and for the mixed one composed of 900 CO2 and 282 
n-octane molecules (red line) are shown in panel (b). Data for other binary mixtures are not 
shown for brevity. The results show that octane molecules within the first adsorbed layer 
preferentially orient parallel to the pore surface. Similar calculations were conducted for CO2 
in our recent work.11 Those results show that  each adsorbed CO2 molecule tends to interact 
simultaneously with more than 1 surface –OH at a time. 
c. Diffusivities 
The results for the self-diffusion coefficients for both CO2 and n-octane are summarized in 
Table 1. The pore surface is symmetric and periodic in X and Y. Hence, diffusion is expected 
to be isotropic along X and Y directions. No effort was made to confirm this. In general, we 
observe a non-monotonic change in n-octane diffusivity as a function of CO2 loading. At low 
to medium loadings, n-octane diffusivity increases with CO2 loading. Based on the density 
profiles, this increase is associated with the displacement of n-octane from the pore surfaces 
due to the preferential adsorption of CO2. These observations are qualitatively consistent with 
those recently reported for CO2-butane mixtures confined in a silica pore similar to the one 
considered here. Those results, obtained at different temperatures, showed a clear reduction 
in the activation energy for hydrocarbon diffusion due to the presence of CO2. The results 
presented herein are consistent with experimental data reported by Vidoni,30 who reported a 
reduction in the experimentally measured activation energy for CH4 diffusion in DD3R 
materials due to the co-adsorption of CO2. At high CO2 loadings our results show a drop in n-
octane self-diffusion coefficient, likely because of pore crowding (i.e., more frequent 
molecular collisions).  
One system consisting of 400 n-octane molecules and no CO2 was simulated to confirm that 
n-octane enhanced diffusivity is due to CO2. Indeed, the results show that the n-octane self-
diffusion coefficient decreases as its density increases, confirming that CO2 is essential for 
enhancing the diffusion of n-octane within the systems considered here. To further confirm 
this conclusion, we conducted an additional simulation for which the pore size was reduced 
by 4.8 Å so that the removed pore volume approximately equals the volume occupied by 
1100 CO2 in the mixture. The reduced pore size was estimated by the shift in distance for 
octane density profile peaks with and without 1100 CO2 molecules (see Figure 3a). 282 pure 
n-octane molecules were simulated for 40 ns and the calculated n-octane self-diffusion 
coefficient was 5.2 x 10-9 m2/s, which was lower than any values obtained for 282 n-octane in 
the presence of CO2 (see Table 1). 
In contrasts to the results obtained for n-octane, our results show that the self-diffusion 
coefficient for CO2 monotonically increases with its loading. This is qualitatively consistent 
with experimental data reported by Wang et al.31 for octane and decane in microporous BPL 
activated carbons, and it is due to the presence of high-energy adsorption sites. In our 
systems, CO2 molecules preferentially adsorb on the surface –OH groups. It was expected 
that the averaged self-diffusion coefficient for CO2 remains low until all the available 
preferential adsorption sites are occupied. While this expectation is met qualitatively, the 
details vary. Analysis of the simulation snapshots suggests that the pore surfaces are saturated 
by adsorbed CO2 when the number of molecules present is between 448 and 675. As the 
simulation cell contains a total of 960 –OH groups on the 2 pore walls, our results suggest 
that, on average, one CO2 molecule adsorbs on 2 –OH groups. The results shown in Table 1 
suggest that the diffusivity of CO2 increases even before the two surfaces are saturated.  
By analysing the trajectories of representative CO2 molecules (shown in Figure 5 below) we 
can assess the mechanism responsible for this observation. When only 225 CO2 molecules are 
present (Figure 5a), the trajectories show little mobility along the X-Y plane, and rarely the 
CO2 molecules desorb from the silica surfaces. The situation begins to differ when 448 
molecules are present (Figure 5b). Although the CO2 molecules still do not desorb from the 
silica surface, a noticeable amount of small density fluctuations are observed near the surface, 
possibly caused by a competition between different CO2 molecules to adsorb on the –OH 
groups. These fluctuations allow the CO2 molecules to escape the attractive wells near the 
surface, and the molecular diffusion along the X-Y pane increases. The behaviour just 
described persists when the number of CO2 molecules increases to 675 (Figure 5c), but 
exhibits an additional event wherein, occasionally, the CO2 molecules desorb from one silica 
surface and travel across the pore to adsorb on the other surface. While the CO2 molecules 
are near the pore centre, they can travel far along the X-Y plane, leading to enhanced self-
diffusion coefficients. As more CO2 molecules are present, the likelihood of desorption also 
increases (see trajectories shown in Figure 5d). Should the density of CO2 simulated within 
the pore of Figure 1 be increased beyond the range considered herein, it is expected that its 
self-diffusion coefficient will reach a maximum and then decrease (due to steric hindrance).  
 Figure 5. Trajectories and simulation snapshots for mixtures composed of 282 n-octane and 
(a) 225, (b) 448, (c) 675 or (d) 900 CO2 molecules at 300K. Z is the direction perpendicular 
to the pore surface, with Z=0 corresponding to the pore centre. The red lines identify the layer 
of CO2 adsorbed on the pore surfaces (they correspond to the minima in the CO2 density 
profiles in Figure 1). The black lines reproduce the trajectories of one CO2 molecule in each 
system for 1 ns. All simulation snapshots display CO2 molecules (octane molecules are not 
shown for clarity) confined within the silica pore (only the pore surface is shown for clarity). 
Cyan is C in CO2, red is O, white is H, and yellow is Si. 
 
 
  
2. Effect of pore morphology 
In Figure 6, panels (a) and (b), we report simulation snapshots representing the two pore 
models with the confined 900 CO2 molecules at 300K (n-octane is not shown for clarity). In 
panels (c) and (d) we show the corresponding CO2 density profiles along the X-direction. 
While CO2 in the pore with flat surfaces (pristine pore) displays a rather uniform molecular 
distribution along the pore length (Figure 6c), it distributes unevenly on the structured pore 
surface, with somewhat higher molecular density near the steps (Figure 6d). It is worth 
mentioning that CO2 distributions for the left and right halves of the structured pore are 
different due to the difference in the –OH groups distribution on the two pore surfaces facing 
across the pore volume (see Figure 2). Explicitly, in the left half of the pore, the –OH groups 
of the top and bottom surfaces are aligned along the X coordinate, while in the right half of 
the pore this does not occur. 
The calculated self-diffusion coefficients obtained during the 80 ns simulations within the 
structured pore were 6.6 x 10-9 and 4.8 x 10-9 m2/s for n-octane and CO2, respectively. These 
results show that n-octane molecules diffuse faster in this structured pore in the presence of 
CO2 than when they are pure in the pristine slit-shaped pore. However, the results also show 
that CO2 is not as effective in enhancing n-octane mobility as it is in the pristine slit-shaped 
pore. In fact, the self-diffusion coefficient for n-octane in a fluid mixture of the same 
composition decreases by about 35% due to the change in pore morphology. The self-
diffusion coefficient obtained for CO2 slightly decreases compared to data obtained in the 
pristine pore due to the change in pore geometry, which is due to a slight increase in the pore 
surface area (which is larger on the structured pore by ~5%), and perhaps due to CO2 
accumulation near the surface edges. A series of studies of CO2–octane mixtures confined in 
different pore substrates (i.e. calcite and muscovite) are being conducted to further investigate 
the effects of surface chemistry on confined fluids. These results will be presented and 
discussed in future reports.  
  
 Figure 6. (a), (b) Representative simulation snapshots of 900 CO2 in the pristine and 
structured pores, respectively, at 300K (the 282 n-octane molecules are not shown for 
clarity). (c), (d) CO2 molecular density profiles along the X-direction of the two pore models. 
The colour code is the same as that used in Figure 1.     
 
CONCLUSIONS 
We conducted equilibrium molecular dynamics simulations for pure n-octane confined within 
a slit-shaped silica pore of width 1.9 nm. The simulations were conducted at 300K for a fixed 
amount of n-octane and increasing number of CO2 molecules. The silica surfaces were 
obtained from β–cristobalite and were fully protonated. The results show that CO2 
preferentially adsorbs on the silica surface, displacing n-octane towards the pore centre. The 
n-octane molecules have a preferential parallel orientation with respect to the pore surface 
and this orientation is enhanced with the presence of CO2. The capacity for CO2 is of 
approximately 1 CO2 molecule every two –OH groups on our surfaces. When CO2 loading 
exceeds this value, CO2 can be found near the pore centre. Our results show that the self-
diffusion coefficient for n-octane increases as CO2 is added to the system, but eventually 
reaches a maximum and then decreases because of steric hindrance. Sample simulations 
conducted with higher loading of n-octane and no CO2 present, as well as test simulations 
conduced for pure n-octane in narrower pores confirm that the results just discussed are due 
to the preferential adsorption of CO2 on the pore surfaces, which in this way acts as an 
effective molecular lubricant for n-octane. Within the conditions considered (up to 1100 CO2 
molecules), our results show that the self-diffusion coefficient for CO2 increases 
monotonically with its loading. Although this is consistent with the presence of preferential 
adsorption sites on the pore surface, analysis of the simulation trajectories suggests that even 
at loadings lower than full CO2 adsorption capacity can lead to density fluctuations near the 
pore surfaces, which lead to higher self-diffusion coefficients. 
Although the simulations presented here are only conducted for slit-shaped silica pores of one 
width with a model hydrocarbon chain at one temperature, the results help to complete our 
understanding about the molecular phenomena related to adsorption and transport of CO2–
hydrocarbon mixtures in sub-surface environments, in addition to those found in our previous 
works. Additional test simulations, conducted for a pore of equal volume to the slit-shaped 
pore considered above, but with step edges present on the surface, suggest that the pore 
morphology, and in particular the presence of edges, has a strong effect on the fluid 
behaviour under confinement. 
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